Influence of co-existing alcohol on charge transfer of H2 evolution under visible light with dye-sensitized nanocrystalline TiO2  by Maitani, Masato M. et al.
Applied Catalysis B: Environmental 140– 141 (2013) 406– 411
Contents lists available at SciVerse ScienceDirect
Applied  Catalysis B:  Environmental
jo ur nal home p ag e: www.elsev ier .com/ locate /apcatb
Inﬂuence  of  co-existing  alcohol  on  charge  transfer  of  H2 evolution
under visible  light  with  dye-sensitized  nanocrystalline  TiO2
Masato  M.  Maitania,∗, Conghong  Zhana,b, Dai  Mochizukia,  Eiichi  Suzukia, Yuji  Wadaa,∗
a Department of Applied Chemistry, Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro, Tokyo 152-8552, Japan
b College of Chemistry, JiLin University, Changchun 130012, PR China
a  r  t  i  c  l  e  i  n  f  o
Article history:
Received 23 January 2013
Received  in revised form 9 April 2013
Accepted 15 April 2013
Available online 25 April 2013
Keywords:
Dye-sensitization
TiO2
Water splitting
Photocatalysts
Electron transport
a  b  s  t  r  a  c  t
The  dye-sensitized  nanocrystalline  TiO2 colloidal  suspension  in aqueous  systems  has  been  applied  for
H2 evolution  in the  photocatalytic  water  splitting  under  visible  irradiation.  We  have  reported  that  the
conversion  efﬁciency  is  strongly  inﬂuenced  by  the combination  of  dye-sensitizers  and  co-existing  species
in  the  suspension  system.  We  herein  analyze  the  ﬂuorescence  quenching  of the  dye-sensitized  TiO2
nanoparticles  in  the  suspensions  and  photoelectrochemical  properties  of  dye-sensitized  nanoporous  TiO2
ﬁlms.  The  combination  of dye-sensitizers  and  co-existing  species  dominates  the  charge  recombination
resulting  in  signiﬁcant  differences  in the  efﬁciencies  of  the  proton  reduction  into  H2.
© 2013 The Authors. Published by Elsevier B.V. 
1. Introduction
Artiﬁcial photosynthetic systems for direct conversion of water
to obtain an energy source, hydrogen, under sunlight are of great
interest and importance for renewable energy used in the future.
Wide-band gap nano-sized semiconductor materials such as metal
oxide, nitride, and sulﬁde derivatives have been widely studied
to harvest light to generate electrons with high energy capable
of reduction of protons to H2 and holes are consumed in oxida-
tion of sacriﬁcial electron donors, redox shuttles, or water [1–3].
The advantages of these oxide semiconductors are robustness,
abundance of materials, ease of preparation, and non-toxicity. The
absorption of band gap transition typically ranges in the ultra-
violet region with these semiconductors, while most photon ﬂux
from sunlight ranges widely in visible and infrared regions. There-
fore harvesting photons in visible and infrared region is one of
the most important issues with these semiconductors for photo
catalyst development.
As  summarized elsewhere [1–4], three types of strategy have
been proposed to achieve higher photon collection efﬁciency under
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sunlight, i.e. (1) introduction of inter-band states by metal or non-
metal doping, (2) adjustment of band structures by solid solution
or single-phase heterometallic oxide, and (3) dye-sensitization by
chromophore molecules. Among those, the dye-sensitization of
the semiconductors by organic or inorganic dyes has elegantly
enabled the high solar energy conversion efﬁciency of ∼12% owing
to the almost 100% internal quantum efﬁciency in the photon-
to-electron conversion process in the visible region, 400–700 nm,
for a photovoltaic device known as the dye-sensitized solar cells
[6,7]. Nevertheless, the dye-sensitization system for photocatalytic
water splitting still remains relatively less efﬁciency than other
systems. One of general concerns of dye-sensitization system is
the lack of stability of dye-sensitizers under photocatalytic reac-
tion in water. Recent reports, however, revealed that the durability
problem of dye-sensitizers is possibly overcome by using robust
dye-sensitization system revealing continuous H2 evolution for
more than hundreds of hours [7,8]. Furthermore the complete
water splitting, both H2 and O2 evolution, has been also achieved
with dye-sensitization system by applying the other catalysts, such
as WO3, IrO2, or Co [9–11]. One of the great advantages of the dye-
sensitization system is ultrafast charge separation producing an
electron and a hole at the dye–semiconductor interface [6]. The
spatial charge separation achieved by the electron injection from
dye-sensitizers into semiconductors dramatically suppresses the
charge recombination of electrons and holes. The charge separa-
tion process is thus efﬁcient enough to reach 100% quantum yield
in the dye-sensitization system [4,6]. The electron injection occurs
from the lowest unoccupied molecular orbital (LUMO)  locating at
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more negative chemical potential than that of the conduction band
(CB) of semiconductors [6,12]. Therefore, the injection efﬁciency is
closely related to the potential gap between CB and LUMO [13–16],
while the electron injection strongly affecting on the efﬁciency
of the photoelectric conversion also depends on other factors,
e.g. aggregation of dye molecules on the surface, the co-existing
species and its adsorption on the surface of semiconductors, and
solvent effects [17–21]. It is, however, generally considered that
the dye-sensitization system has not been completely understood
especially in case co-existing species are involved in the system
[22–25]. The study to comprehend the complex system including
co-existing species, e.g. contaminants, acid, base, and electrolytes,
in dye-sensitized photocatalytic water splitting process is highly
desirable for the realistic application for large water supply in our
society; such as waste water from residential or industrial area and
natural water in sea or lakes [26,27]. We  recently reported that
the electron injection process of dye-sensitization system strongly
depends on the co-existing species, MeOH and TEOA, as the sacriﬁ-
cial electron donors in surrounding solution for the photocatalytic
H2 evolution [28,29]. It was, however, found that the capability of
H2 evolution cannot be attributed to only electron injection efﬁ-
ciency but also other electron transfer processes at the dye/TiO2
interface.
We  herein focus on the differences of effects of co-existing
species on the photocatalytic H2 evolution with N719/TiO2 and
porphyrin derivatives/TiO2 especially the photo-induced electron
transfer processes. A series of photochemical and photoelectro-
chemical analyses are carried out to elucidate the effect of the
co-existing electron donors, MeOH and TEOA, in the surrounding
medium. We  therefore discuss the combinational effects between
the dye-sensitizers and donor species on the electronic structures
and dye adsorption properties at dye/TiO2 interfaces determining
the electron transfer processes in photocatalytic H2 evolution.
2.  Experimental
2.1. Materials
The commercially available TiO2 particles (P25, Nippon Aerosil),
dye-sensitizers, (n-Bu4N)2-cis-Ru(dcbpy)2(SCN)2 (N719, Solaronix,
Switzerland), tetrakis(4-carboxyphenyl)porphyrin and tetrakis(4-
sulfonatophenyl)porphyrin (TCPP and TPPS, respectively, Tokyo
Kasei) were used as purchased without any further puriﬁcation.
2.2.  Sample preparation
For  hydrogen evolution, loading of Pt on oxide semiconduc-
tors was employed by a conventional photochemical deposition
to obtain 1 wt% Pt-loaded TiO2 nanoparticles as described else-
where [28,29]. The dye-sensitized Pt-loaded TiO2 nanoparticles
were obtained by dispersing Pt-loaded TiO2 nanoparticles into
0.1 mM  of dye-sensitizers in methanolic solution, kept for 48 h
under dark, ﬁltrated, washed with deionized water, and then dried
at 80 ◦C. The adsorption isotherm of the dye-sensitizers on TiO2
revealed monolayer chemisorptions by carboxylic and sulfonic acid
moiety of the dyes (S1). For photoelectrochemical analysis, the
dye-sensitized nanoporous TiO2 ﬁlms were prepared by the con-
ventional doctor blade technique by using commercially available
TiO2 paste (Ti-nanoxide D, Solaronix) on cleaned F:SnO2 transpar-
ent conductive glass (TCO) and sintered at 450 ◦C for 30 min  in
atmosphere. To avoid the leaks current from TCO, the TCO substrate
was covered by compact TiO2 layer by immersion of TCO in TiCl4
aqueous solution for 45 min  at 70 ◦C [4–6]. When the temperature
was dropped to 80 ◦C after sintering, these ﬁlms were immersed
into a 0.1 mM solution of dye-sensitizers in methanolic solution,
kept  under dark for 12 h, washed by ethanol, and then dried under
N2 ﬂow.
2.3. H2 evolution
The  H2 evolution was  performed in an outer irradiative pho-
toreactor under a Xe lamp (LC8, HAMAMATSU) irradiation through
a cut-off ﬁlter ( < 390 nm cut, UV-39, TOSHIBA). The dye-sensitized
Pt-loaded TiO2 nanoparticles were dispersed in an aqueous solution
(1 g/L) containing sacriﬁcial electron donors, MeOH and TEOA. Prior
to the irradiation, an ultrasonication for 5 min  and consecutively
argon bubbling for 15 min  were applied to the reaction mixture.
The evolved H2 was analyzed by taking the sample gas from the
photoreactor with a gas-tight syringe every 5 min  and evaluated
by a gas chromatography (molecular sieve 5A column with Ar car-
rier gas, GC-8A, Simadzu). As a controlled experiment with D2O
solution, all evolved hydrogen was  D2 ensuring that the hydrogen
source is the protons in the water not from other compounds, such
as donor species or dye-sensitizers. Another controlled experiment
without dye-sensitizer also ensured that the residual UV light is
negligible for H2 evolution.
2.4.  Fluorescence quenching analysis
The ﬂuorescence spectra of each dye-sensitizer, TCPP and
TPPS in the aqueous sacriﬁcial donor solutions with varying the
density of TiO2 colloids were measured to study the electron
injection processes. A TiO2 stock suspension in water (∼4 g/L)
was prepared by ultrasonication for more than 30 min  giving
monodispersive colloidal suspension conﬁrmed by a dynamic light
scattering measurement. The ﬂuorescence spectra of dye-sensitizer
in aqueous solution were collected in a 1 cm-quartz-cell under
photo-excitation ( = 410 nm (TCPP) and 415 nm (TPPS), F7000,
Hitachi). The speciﬁc amount of the TiO2 stock suspension was  suc-
cessively added dropwisely into the dye-sensitizer solution and
then the ﬂuorescence spectra were measured after waiting for
15 min  to reach equilibrium. The concentrations of either TEOA
in MeOH (6.2 M)  or MeOH in TEOA (0.3 M)  were also varied to
determine the effect of co-existing electron donor species on the
ﬂuorescence of dye-sensitizers. All experiments were carried out
after 15 min  Ar purge and at room temperature. The intensity of
ﬂuorescence was determined at the peak top locating at around
∼650 nm.
2.5.  Electrochemical analysis
The  photoelectrochemical analysis was  employed with dye-
sensitized TiO2 nanoporous ﬁlms as a working electrode in a
three component electrochemical cell with the aqueous electron
donor solution containing 0.1 M of KCl as supporting electrolyte,
Pt counter electrode, and a reference electrode, Ag/AgCl, conﬁg-
ured with an electrochemical potentiostat (SP-200, Bio-Logic). Ar
babbling was  applied for 15 min  prior to each measurement. A Xe
lamp (MAX-302, Asahi bunko) with a cut ﬁlter (<410 nm cut, UV-41,
TOSHIBA), was  used for a visible light source. The residual UV light
was conﬁrmed to be negligible by a controlled experiment without
dye-sensitizer on TiO2 ﬁlm.
3. Results and discussion
3.1.  H2 evolution
As  we have reported recently, all three sensitizers, N719, TCPP,
and TPPS, revealed continuous H2 evolution in TEOA solution up
to 3 h under visible irradiation [29] (S2). TCPP and TPPS, however,
revealed no H2 evolution in MeOH solution, while N719 resulted in
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Fig. 1. H2 evolution (open) and ﬂuorescence quenching efﬁciency of dye-sensitizers
(ﬁlled),  TCPP (red), TPPS (blue), and N719 (black) on TiO2 nanoparticles in donor
solutions  of (a) MeOH and (b) TEOA aqueous solution with addition of either (a) TEOA
or (b) MeOH, respectively, under visible light (>390 nm:  Xe lamp). (For interpretation
of  the references to color in this ﬁgure legend, the reader is referred to the web
version  of this article.)
comparable reaction even in MeOH solution. The produced H2 gas
in the photoreactor after 3 h reaction was quantitatively plotted as
a function of the concentration of electron donors, either TEOA in
MeOH (6.2 M)  or MeOH in TEOA (0.3 M),  in Fig. 1. Although both
TEOA and MeOH are typical electron donors used in photocatalysts
systems (Eox = 0.2–0.7 V (MeOH) [30,31] and Eox = 0.82 V (TEOA) [32]
vs. NHE, respectively), and also HOMO levels of TCPP (0.96 V vs.
NHE), TPPS (0.98 V vs. NHE), and N719 (0.85 V vs. NHE) are located
closely [33–35], the resulted H2 evolution shows clear difference
depending on the combination of dye-sensitizers and co-existing
electron donor species in the aqueous solution.
3.2. Fluorescence quenching analysis
To study the efﬁciencies of electron injection at dye-
sensitizers/TiO2 interface in each system, we  employed a
ﬂuorescence quenching measurement of dye-sensitizers by addi-
tion of the accepter, TiO2 nanoparticles, for the photo-excited
electron transfer known as Stern–Volmer relation [15,36–39].
Because of the lack of ﬂuorescence intensity with N719, we applied
this analysis only to the systems with porphyrin/TiO2 colloidal
suspension. Since each dye-sensitizer interacts with TiO2 nanopar-
ticles with certain association constants, Kapp [15,28], we  apply
the reciprocal Stern–Volmer relation under a consideration of an
association constant, as indicated by Eq. (1), where Isurf repre-
sents the ﬂuorescence intensity of dye-sensitizer in case all of dye
molecules in the system is adsorbed on the quencher, TiO2, with
an inﬁnity amount of quencher with an association constant, Kapp
[28,39]. We  multiply both sides of Eq. (1) by I0 to deliver the Isurf/I0
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Fig. 2. The association constants (ﬁlled red triangle) calculated from the recip-
rocal  Stern–Volmer plots and H2 evolution of TCPP/TiO2 (open red triangle) and
N719/TiO2 (open black circle) as a function of the concentrations of co-existing
electron  donor, MeOH, in TEOA (0.3 M)  aqueous solutions. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web  version of
this article.)
from the intercept as indicated in Eq. (2). To elucidate the detailed
effect of MeOH and TEOA on electron injection at dye/TiO2 inter-
faces reﬂected as the ﬂuorescence quenching and the capability of
photocatalytic H2 evolution, Isurf/I0 calculated from the reciprocal
Stern–Volmer plots are overlaid on the H2 evolution as a function
of the concentrations of aqueous solutions of either TEOA in MeOH
(6.2 M)  or MeOH in TEOA (0.3 M)  in Fig. 1 [29].
1
I0 − I
= 1
I0 − Isurf
+ 1
Kapp(I0 − Isurf )[Q ]
(1)
I0
I0 − I
= I0
I0 − Isurf
+ I0
Kapp(I0 − Isurf )[Q ]
(2)
As we reported recently, lower value of Isurf/I0 results in higher
efﬁciency of H2 evolution by addition of TEOA in MeOH with
porphyrin dye/TiO2 systems. Therefore we  concluded that the
co-existing TEOA dramatically improves the electron injection efﬁ-
ciency at dye/TiO2 interface [29]. On contrary, no correlation was
observed between the efﬁciency of the electron injection and the
H2 evolution by addition of MeOH in TEOA (Fig. 1b). In these series
of data, the porphyrin dye/TiO2 systems in TEOA (0.3 M)  solution
achieved almost complete electron injection at dye/TiO2 interface
as indicated with sufﬁciently low value of Isurf/I0. This is because
of the same effect of TEOA addition in MeOH system revealed
above (Fig. 1a); i.e. high concentration of TEOA provides efﬁcient
electron injection ability [29]. H2 evolution, however, signiﬁcantly
decreased by addition of MeOH in TEOA solution, although high
efﬁciency of the electron injection remains stationary in the whole
range of MeOH concentration in TEOA solution.
To elucidate the effect of MeOH addition in TEOA, the associ-
ation constants, Kapp, of dye-sensitizers with TiO2 nanoparticles
were also calculated from the reciprocal Stern–Volmer analysis and
overlaid on the H2 evolution as well (Fig. 2). This plot revealed that
H2 evolution and the association constants similarly decrease above
the MeOH concentration of around ∼10−2 M in TEOA solution. In
case of N719/TiO2, the effect of MeOH concentration on dye adsorp-
tion was  examined by the optical absorption of dissociated dye
into donor solution (S3), since the Stern–Volmer analysis cannot
be applied to N719. On contrary to porphyrin dye/TiO2 system, the
dye adsorption property of N719/TiO2 revealed stationary through
the concentration of MeOH in TEOA within the experimental con-
ditions. Since TCPP and TPPS revealed similar trends, we  focus on
the difference between Ru dye and porphyrin dye represented by
N719 and TCPP, respectively.
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3.3. Electrochemical analysis
Photoelectrochemical analyses were also carried out with
dye/TiO2 porous ﬁlms in aqueous TEOA (0.3 M)  solution. The pho-
tocurrent and dark current are correlated with a manipulated
shutter of incident light at the potential of 0.1 V (vs. refer-
ence electrode (RE): Ag/AgCl) on the working electrode, dye/TiO2
nanoporous ﬁlms. A clear photo response as the anodic current
was observed due to the collection of electron injected from
dye-sensitizers under irradiation on the conducting glass elec-
trode as the working electrode (S4). The applied potential was
chosen to observe only the photo current generated by the dye-
sensitization of TiO2 under irradiation, since negligible dark current
was observed at the applied potential (S4). The photocurrent at
0.1 V vs. RE and open-circuit potential under visible irradiation
are plotted as a function of MeOH concentration in aqueous TEOA
(0.3 M)  solution in order to examine the effect of MeOH addition on
the photon-to-current conversion efﬁciency and quasi-Fermi level
(Fig. 3), respectively. Fig. 3 indicates that both photocurrent and
open-circuit potential exhibits stationary within the whole range
of MeOH concentration, but a slight decline was observed with the
MeOH concentration above ∼10−2 M in TEOA solution. This trend
is similar to that of Isurf/I0 in Fig. 1b, i.e. slight decline of charge
transfer efﬁciency was observed by addition of MeOH with a con-
centration above ∼10−2 M in TEOA solution. Therefore, the trend of
photocurrent and open-circuit potential under irradiation reﬂects
the electron injection efﬁciency at dye/TiO2 interface. This can be
because of MeOH effect suppressing the electron injection as pre-
viously reported [29]. Nevertheless, a large difference between two
systems, N719/TiO2 and TCPP/TiO2, was clearly observed as the
open-circuit potential difference of 50–100 mV  in between. This
open-circuit potential difference could be attributed to the pH dif-
ference in the solution containing N719 and TCPP as discussed in
detail below.
We  examined the onset potential of cathodic current of dye/TiO2
nanoporous ﬁlms in the cyclic voltammogram in the electron donor
solutions under dark, which qualitatively represents the conduc-
tion band edge of TiO2 semiconductor (Fig. 4). The onset potential
of the TCPP/TiO2 ﬁlm positively shifts by addition of MeOH. The
inset plotting the onset potential as the average of potentials on
cathodic and anodic sweep revealing cathodic current of 2 A
qualitatively indicates a shift of onset potential with a threshold
concentration of ∼10−2 M,  which reveals quite similar to the trend
of decline with H2 evolution (Fig. 1b). On contrary, N719/TiO2 ﬁlm
exhibits no decline both with the onset potential and H2 evolu-
tion by addition of MeOH, and remains stationary (Figs. 1b and 4a).
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As observed in open-circuit potential under irradiation (Fig. 3),
N719/TiO2 and TCPP/TiO2 clearly revealed the difference of onset
potential of ∼150 mV,  which exhibits even larger difference than
that of open-circuit potential; i.e. 50–100 mV (Fig. 3).
3.4. Effect of MeOH on electron transport and H2 evolution
Here  we  discuss the difference of MeOH effect between
N719/TiO2 and TCPP/TiO2 systems in terms of (1) electronic struc-
ture of conduction band and (2) dye adsorption on TiO2. According
to the Nernstian behavior of the conduction band potential shift
of TiO2 with a 59 meV/pH unit [40,41], the pH range by addition
of MeOH, pH 7.5–8.5 (S5), results in the positive shift of con-
duction band of 50–100 mV.  The positive shifts of open-circuit
potential (Fig. 3) and onset potential (Fig. 4b) by the addition of
MeOH are thus attributed to the pH effect on conduction band
due to the acidic MeOH. Although the pH shifts the conduction
band of TiO2, the potential of electron reducing the proton can-
not be changed according to the Nernstian potential shift of the
reduction potential of protons in the aqueous mediator. Therefore
the rate constant of H2 evolution by photoelectrochemical pro-
ton reduction cannot be affected by the conduction band shift by
pH change. Consequently, the large difference of onset potential
or open circuit potentials between N719/TiO2 and TCPP/TiO2 sys-
tems are not clearly attributed to the pH effects. And furthermore
the large onset potential shift observed in cyclic voltammogram of
only TCPP/TiO2 by addition of MeOH (Fig. 4) are not correlated to
the pH change by addition of MeOH; i.e. N719 system is more basic
with a pH unit of 1 than TCPP system due to its basicity of N719
dye, while pH difference of 1 (S5) is not equivalent to the onset
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shift of ∼150 mV based on Nernstian behavior of TiO2 (59 mV/pH
unit). One possible explanation of the difference could be the nature
of the dye/TiO2 interfaces with acidic TCPP and basic N719, since
N719 with basic tetrabutylammonium moiety was  proposed to
negatively shift the conduction band potential of TiO2 to gain the
open-circuit voltage of dye-sensitized solar cells [16]. According to
these results, the positive potential shift of the conduction band of
TiO2 caused by MeOH addition would signiﬁcantly lower the poten-
tial of injected electron in TiO2, and thereby degrades the capability
of reduction of protons in the solution for photocatalytic H2 evo-
lution. Therefore the deactivation path of injected electron, charge
recombination, becomes relatively dominant. N719/TiO2, however,
possesses 100–150 mV  more negative potential of injected elec-
tron than TCPP/TiO2 (Figs. 3 and 4b). This potential difference thus
causes the clear difference in reaction path of injected electron
between N719/TiO2 and TCPP/TiO2 systems with MeOH addition
in aqueous TEOA solution and therefore results in the efﬁciency of
H2 evolution.
As another factor, the surface adsorption of dye on TiO2 sur-
face is taken into the consideration to understand the effects of
MeOH addition. Since the ﬂuorescence quenching analysis (Fig. 1)
and photocurrent in photoelectrochemical analysis (Fig. 3) con-
ﬁrmed that both N719/TiO2 and TCPP/TiO2 have efﬁcient electron
injection at dye/TiO2 interface within the given range of MeOH
addition. Therefore the limiting factor of H2 evolution is attributed
to any of successive processes following to the electron injection.
The charge recombination thus would be one of the controlling fac-
tors of H2 evolution in TEOA solution. We  attribute the effects of
the MeOH addition in TEOA on H2 evolution to the surface adsorp-
tion characteristics of dye on TiO2 [6,21]. MeOH addition decreases
the association constant of porphyrin with TiO2, especially with the
MeOH concentration above ∼10−2M (Fig. 3). Although the associ-
ation constant of N719 cannot be measured in our experimental
condition in ﬂuorescence measurement, the adsorption amount of
dye on TiO2 was examined by the control experiment of dye des-
orption in aqueous TEOA/MeOH solution as a function of MeOH
concentration (S3). The adsorption of N719 is inert for MeOH addi-
tion. Furthermore, the clear correlation observed with association
constant and H2 evolution strongly supports that the limiting fac-
tor is related to the dye adsorption characteristics. Therefore one
possible mechanism of increase in recombination can be attributed
to loosening the porphyrin dye adsorption characteristics on TiO2
surfaces probably exposing surface recombination centers, for
example, surface defects or oxygen vacancies. The adsorption or
desorption of dyes would strongly inﬂuence the electron transfer
processes resulting in difference of charge recombination kinetics
as reported [6,16–21]. According to the results of dye adsorption,
TCPP/TiO2 possibly more affected by MeOH thus likely exposing
more surface recombination centers on TiO2, although the cover-
age of N719 and TCPP revealed stationary within the experimental
conditions (S3). Furthermore, the strength of adsorption of dye-
sensitizers also affects the orientation of organic dyes, such as
porphyrin, while spherical dye-sensitizers, such as Ru complex,
are inert for the orientation of dyes [42,43]. These differences of
dye adsorption nature of porphyrin and Ru complex dye-sensitizers
may result in the different recombination kinetics in case of MeOH
addition.
Consequently, the dye adsorption may  affect (1) the electronic
structure of the TiO2 and (2) dye-adsorption amount, which could
lower quasi-Fermi level and enhance the recombination, respec-
tively, and therefore suppress the proton reduction evolving H2.
Since N719 has been utilized to the dye-sensitized solar cells for
its ability of slow charge recombination, it is understandable that
the adsorption nature of N719 may  provide more inert dye/TiO2
interface to the environment in terms of the charge recombination
as observed in Figs. 3 and 4 [44].
4.  Conclusion
To summarize, we performed the analyses of the photochem-
ical properties based on the reciprocal Stern–Volmer relation and
the photoelectrochemical properties of dye/TiO2 porous ﬁlms in
order to elucidate the effect of MeOH addition in aqueous TEOA
solution revealing signiﬁcant difference in H2 evolution between
N719/TiO2 and TCPP/TiO2. The observed differences are attributed
to the electron recombination kinetics following to the sufﬁcient
electron injection process in aqueous TEOA solution. The recom-
bination process becomes competitive or even dominant process
against the proton reduction process by addition of MeOH, because
of either increase of recombination rate or the lack of reduction
potential of reactive electron in the TiO2. This effect is still minor
with N719/TiO2 as compared with TCPP/TiO2. This difference is pos-
sibly attributed to the adsorption nature of dye-sensitizers, N719
and TCPP on TiO2 nano particles. We  are now studying these effects
on different nanocrystalline oxide semiconductor systems to reveal
a dependence of observed effects on semiconductor material char-
acteristics as a future work.
Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.apcatb.
2013.04.044.
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